Quantum-chemical calculations of the parameters of the nM + · NbF 7 q− type particles, where M stands for Na, K, Cs; q = 2, 3 and n = 0 -7 have been performed. Within the framework of this approximation, compositions for the most stable particles in molten salts were obtained. It is shown that electron transfer onto the particle results in a different redistribution of the electron density with the Na and K-particles on one hand and Cs-containing particles on the other hand. Energies and some other characteristics of the electron structure and particle geometry were determined depending on the n and M values.
Introduction
The goal of this research is a quantum-chemical modelling of reactions of niobium (V) electroreduction from fluoride complexes contained in molten alkali metal chlorides or fluorides. The key point here is to determine the composition of electroactive particles participating in the elementary act of electron transfer from the electrode to a complex niobium particle. However, at the first stage one should attempt to reveal the most probable compositions of niobium complex particles in the melt bulk, i. e. ignoring the interaction with the electrode surface. As a first approximation for describing the volume characteristics of niobium fluoride complexes particles of the (nM + · NbF 7 2− ) composition were selected, where n is the number of outersphere (OS) cations of an alkali metal and M + means Na + , K + or Cs + . So, the first coordination sphere of niobium (V) cations contains fluoride ligands, the second coordination sphere M + cations.
This level of approximation has been extensively utilized to assess the effect of the second coordination sphere composition on the vibrational spectra, structure and mechanism of electroreduction of titanium, tungsten and also such anions as CO 3 2− , NO 3 − , etc. (see, for instance, [1 -6] ). With regard to the neces-0932-0784 / 10 / 0300-0245 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com sity of further sophistication of the model, we note, however, that many of the experimental facts can be adequately described within the framework of the proposed approximation, as shown in these publications.
The description of the principal results is given below and more detailed analysis will be given later.
Computational Method
Quantum-chemical calculations were performed at the HF level, using the PC GAMESS software [7, 8] . Huzinaga's 3 gaussian basis set (MINI) with one additional polarization function was used for all atoms. This basis set was successfully utilized earlier [4] for fluoride complexes and is quite sufficient for the given level of the model. It is necessary to note, that for chloride complexes more complex bases sets should be used.
The given data concern to particles with optimized geometric structures.
Results and Discussion
Examples of the optimized structures are shown in Figure 1 and some parameters of these structures are given in Table 1 . The relative stability of nM + · NbF 7 2− particles with different OS shell compositions was assessed by the ∆E OS energy values of the OS shell formation. These energies were determined by the fragment method as a difference of the total energy of the nM + · NbF 7 2− particle and the energies of the NbF 7 2− anion and n OS cations:
It is found that within this model, the melt may produce particles with n = 1 -7 ( Table 2 ). As can be clearly seen from Table 2 , most stable are particles with n = 3 and 4.
Interpretation of the results is not as easy as it may seem and requires further investigations and a comparison with the corresponding experimental data. Naturally, we do not claim the existence in the melt, let say, of 3Cs + · NbF 7 2− particles whose second coordination sphere contains nothing but three cesium cations. Apparently, this coordination sphere is capable of accommodating more cesium cations, to say nothing of Na + and K + cations. The NbF 7 2− complex is in dynamic equilibrium with OS cations and the Nb-M distances are not fixed. This results in a variation of the number of strong bonds between the OS cations and the niobium complex. But the life span of particles with different OS shell compositions should correlate with the ∆E OS energies obtained. Of course, near the electrode surface the composition of the most stable particles may vary, but this level of approximation will be realized at the next stage of our work.
Adding the second coordination sphere cations to the NbF 7 2− complex results in filling of the lowest unoccupied molecular orbital (LUMO) of the NbF 7 2− complex caused by a strong interaction of F atoms with the M + cations. Thus, the LUMO of the NbF 7 2− complex becomes the highest occupied molecular orbital (HOMO) in the nM + · NbF 7 2− particles. Populations on Lovdin [9] of these HOMOs are given in Table 3 (orbital population is number of electrons on orbital).
As is evident from Table 3 , there is no obvious relation between the value of n and the change in summary population at OS cations: whereas at n = 2 and 3 the population of M + cations decreases in the Na > K > Cs series, at n = 4 the order is reversed: K > Na > Cs.
The cation-anion interaction also results in decreasing of the bond orders (B i j ) (Table 4) in the Cs < K < Na series and distortion of the NbF 7 2− anion original structure. Let's remind that the bond order is a measure of the covalent component of bonding [10] .
Decrease of the bond orders is due to the charge transfer between the anions and cations. Analysis of the charge characteristics at the atoms of nM + · NbF 7 2− particles ( Table 5 ) has revealed that the V. V. Soloviev et al. · Influence of Outersphere Cations on Charge Transfer at NbF 7 2− Reduction 247 Table 3 . Population of nM + · NbF 7 2− particle HOMOs (selected data). charge is transferred to the OS cations not only from fluorine atoms but also from the central niobium atom. This effect is more pronounced in the Cs < K < Na series, and also with the increase of n.
As is known, the reduction of niobium fluoride complexes in molten salts occurs in two stages [11] :
In this connection, valuable information can be obtained through the analysis of the nM + · NbF 7 3− particle characteristics (that is, after the electron has been transferred to the original nM + · NbF 7 2− particle), these particles being taken in the geometry of the initial nM + · NbF 7 2− complex (Table 6 ). In particular, for M = Na at all n values, two centers of electron attack are observed: Na and, mainly, Nb. Figure 2 presents the dependence between the ∆Q charge value (in atomic units of charge) on niobium and sodium atoms and the niobium second coordination number n. Here ∆Q is equal to the difference between the charges of the final Fig. 2 . Relationship between the values of charge redistribution (∆Q) on the Nb and Na atoms due to the electron transfer and the coordination number (n) for the nM + · NbF 7 2− particles. Fig. 3 . Relationship between the values of charge redistribution (∆Q) on the Nb and K atoms due to the electron transfer and the coordination number (n) for the nM + · NbF 7 2− particles. 7 2− Reduction Table 5 . Charge values on the atoms of the nM + · NbF 7 2− particles (selected data). Table 6 . Charge values on the atoms of nM + · NbF 7 2− particles at one electron association (selected data). Table 7 . Values of vertical electron affinity E aff ·10 −3 for the nM + · NbF 7 2− · particles at one electron association [kJ 
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+ · NbF 7 3− particle and the initial nM + · NbF 7 2− particle. For M = K at n = 1 -3, the main center subjected to electron attack is the potassium cation, whereas starting from n = 3, it is the niobium atom (Fig. 3) .
At the same time, at all n values, the centres mostly attacked in Cs-complexes are cesium cations (Fig. 4) .
At n = 1 -3, the Cs cations accept all the additional charge. This fact is of electrochemical interest since the appearance of cesium cations in the melt not infrequently complicates the kinetics of Nb and Ta fluoride complexes electroreduction.
These findings suggest the following results of analysis of atom orbital populations before and after the electron transfer to the nM + · NbF 7 2− particle. For M = Na, the electron density increases substantially on certain 4d-orbitals of niobium and, simultaneously, on the sodium 3s-orbitals. This confirms the above conclusion about the presence of two electron attack centres on the nM + · NbF 7 2− particles.
For M = K at n = 1 -3, the electron density predominantly increases on 4s-and 4p x -orbitals of the OS cations, whereas at n > 3 it mostly increases on 4d-orbitals of niobium.
And, finally, for M = Cs at n = 1 -3, the greatest density increase is observed on 6s-and 6p x -orbitals of Cs + , and at n > 3 on 4d-orbitals of niobium, which corresponds to the character of curves variations seen in Figure 4 . These findings allow to suggest that the above mentioned problems in the recharge process kinetics in Cs-containing melts are caused by the localization of an extra electron on cesium cations. Calculated values of vertical electron affinity, E aff , [12] are also interesting. The E aff values were determined as the difference between total energies of the nM + · NbF 7 3− particle and initial nM + · NbF 7 2− particle (Table 7) . Here the nM + · NbF 7 3− particle had the geometry of the initial particle.
Note also, the E aff values correlate with the charge values of OS cations after one electron transfer (Fig. 5) .
Supplemented by the data on total energies of the initial and final particles, the E aff values allow to determine the mutual position of multidimensional surfaces of the initial (U i ) and final (U f ) states of the model system. In absence of OS cations the U f value of final NbF 7 3− complex is less negative than the U i value of initial NbF 7 2− complex whereas the energy values of final nM + · NbF 7 3− particles grow more negative in comparison with the energies of the initial nM + · NbF 7 2− particles for all M at n ≥ 3. The same pattern is observed for E aff values (Table 7) . Thus, at n ≥ 3 the minimum of the U f surface is below that of the U i surface for all types of OS cations.
From the point of view of electrochemistry, it is interesting to look at the anomalous E aff ratio of values at n = 3: E aff (Na) < E aff (Cs) < E aff (K). Of course, we cannot state with confidence whether this anomaly also exists for the E act activation energies of electron transfer. Nevertheless, we note that this anomalous ratio of E aff values has to be further compared with calculated activation energies. The considerable attention paid to this ratio of the E act values is explained by the fact that it corresponds to the experimentally observed ratio of the standard rate constants of charge transfer for NbF 7 2− complexes in NaCl, KCl, and CsCl melts [13] .
Conclusions
In conclusion, it should be noted that the results presented here are by no means final. They will be verified using a more sophisticated model. However, even this fairly simple model allows to obtain a set of valuable results and to formulate some suppositions concerning the strategy of quest for saddle points through relatively minor expenditures of computer time.
Later it is intended to evaluate the effect of the third coordination sphere on the basic characteristics of these particles and then proceed to consideration of the "electroactive species -electrode surface" system and evaluate the influence of a double layer and an external electric field. Let's notice, that ab initio investigations of such level already are available for molten salts [14, 15] .
